The proper function of the spindle is crucial to the high fidelity of chromosome segregation and is indispensable for tumor suppression in humans. Centrobin is a recently identified centrosomal protein that has a role in stabilizing the microtubule structure. Here we functionally characterize the defects in centrosome integrity and spindle assembly in Centrobin-depleted cells. Centrobin-depleted cells show a range of spindle abnormalities including unfocused poles that are not associated with centrosomes, S-shaped spindles and mini spindles. These cells undergo mitotic arrest and subsequently often die by apoptosis, as determined by live cell imaging. Co-depletion of Mad2 relieves the mitotic arrest, indicating that cells arrest due to a failure to silence the spindle checkpoint in metaphase. Consistent with this, Centrobin-depleted metaphase cells stained positive for BubR1 and BubR1 S676. Staining with a panel of centrosome markers showed a loss of centrosome anchoring to the mitotic spindle. Furthermore, these cells show less cold-stable microtubules and a shorter distance between kinetochore pairs. These results show a requirement of Centrobin in maintaining centrosome integrity, which in turn promotes anchoring of mitotic spindle to the centrosomes. Furthermore, this anchoring is required for the stability of microtubulekinetochore attachments and biogenesis of tension-ridden and properly functioning mitotic spindle.
Introduction
Disruption of mitotic events such as spindle formation and checkpoint response can promote genomic instability, which is a hallmark of many cancers (Emdad et al., 2005) . One well-characterized pathway to genomic instability is a compromised spindle assembly checkpoint (SAC), leading to the unequal division of DNA between daughter cells (Andreassen et al., 2003; Roh et al., 2003) . The SAC inhibits metaphase to anaphase transition until all the kinetochores are stably attached to the mitotic spindles with tension and thus controls the fidelity of chromosome separation by preventing inappropriate anaphase initiation (Musacchio and Salmon, 2007) . Cells display SAC activation in prometaphase as the mitotic spindle is not fully formed and stable microtubule-kinetochore attachments have not yet been made. At such kinetochores MAD2, BubR1 and possibly other checkpoint proteins are activated. The SAC prevents premature chromosome segregation through the inhibition of the anaphase-promoting complex/cyclosome, a ubiquitin ligase that initiates anaphase by mediating the destruction of Securin, allowing Cohesin cleavage by Separase; and cyclin B, the activating subunit of cyclin-dependent kinase 1 (Peters, 2002; Chung and Chen, 2003) . However, a number of conditions can lead to SAC activation in metaphase cells including kinetochore malformation, defects in spindle dynamics and centrosome fragmentation as they prevent the formation of stable microtubule-kinetochore attachments (Lampson and Kapoor, 2005; Oshimori et al., 2006; Wong and Fang, 2006) . The fidelity of the SAC is such that it can detect even a single unattached kinetochore (Rieder et al., 1994) .
Centrobin is a 903 residue protein containing a large coiled-coil domain in its center. It was initially identified in this laboratory through a yeast two-hybrid screen with the C terminus of BRCA2, although the interaction with BRCA2 could not be verified (data not shown). Centrobin was initially reported to be required for centriole duplication, with loss of Centrobin resulting in impaired cytokinesis (Zou et al., 2005) . Recently, Centrobin was reported to have microtubule-bundling activity and was required for microtubule organization in interphase and spindle assembly in mitotic cells (Jeong et al., 2007) . In addition, Centrobin was phosphorylated by Nek2a, which targets Centrobin to the microtubules. The exact mechanisms of action of Centrobin during mitosis, however, remain to be elucidated.
Here we show that Centrobin is required for proper centrosome positioning on the mitotic spindle. Centrobin-depleted cells display spindle abnormalities due to unfocused spindle poles and undergo metaphase arrest, characterized by activated SAC signaling. This phenotype can be relieved by loss of the SAC through the depletion of Mad2. Furthermore, Centrobin-depleted cells show a partial dispersion of Kendrin and centrosome detachment from the mitotic spindle, as determined by the localization of a panel of centrosome markers. Finally, Centrobin-depleted cells show less cold-stable microtubule-kinetochore attachments and less distance between kinetochore pairs. These results indicate that due to compromised centrosome and spindle integrity Centrobin-depleted cells might not be able to create enough tension across sister kinetochores to stabilize microtubule-kinetochore attachments, and to silence the spindle checkpoint.
Results
To determine the functions of Centrobin, a polyclonal rabbit antibody was generated. Immunofluorescent staining of endogenous Centrobin in HeLa cells indicated that it is localized at the centrosomes in interphase cells as shown by its colocalization with the centrosomal marker, g-tubulin (Figure 1a ). This staining was specific as the signal was absent in Centrobindepleted cells, which showed greater than 90% reduction in Centrobin levels using two shRNA plasmids (Figures 1a and b) . Detailed analysis of Centrobin localization during the various stages of mitotic progression revealed that it remains on the centrosome throughout the cell cycle. In addition, Centrobin colocalized with acetylated tubulin on the mitotic spindle ( Figure 1c) . Notably, Centrobin was not detectable on the mitotic spindle when co-stained with a-tubulin (Supplementary Figure S1) , suggesting that the atubulin antibody blocks the access of Centrobin antibody because of the proximity of the two proteins.
To determine the region of Centrobin that is required for targeting it to the mitotic spindle, we transfected synchronized cells with myc-Centrobin constructs expressing either the N terminus (residues 1-523) or C terminus (residues 445-903). Consistent with previous studies (Zou et al., 2005; Jeong et al., 2007) , the C terminus was required for targeting Centrobin to the centrosome (Figure 1c ). However, our study results show that the N terminus is required for Centrobin localization at the mitotic spindle.
To elucidate the physiological functions of Centrobin in mitotic cells, we counted Centrobin-depleted cells for markers of mitotic defects such as multinucleation, micronuclei and anaphase bridges. However, there was no detectable increase in any of these (Supplementary Figures S2A and S2B) . Next, we counted the proportion of cells in mitosis and Centrobin depletion caused significant although not dramatic increase in the number of mitotic cells compared to control cells (Supplementary Figures S2C and S2D ). This increase correlated with a similar increase in the number of metaphase cells, indicating that Centrobin-depleted cells are delayed in metaphase.
To further examine this, we synchronized HeLa cells stably expressing GFP-H2B by double-thymidine block, released to enrich for mitotic cells and monitored their progression through mitosis by time-lapse microscopy. Whereas control cells progressed normally, we observed that Centrobin-depleted cells arrested in mitosis with membrane blebbing (Figures 2a-c ; Supplementary Movies S1 and S2). Quantification of the time-lapse data revealed that control cells spent an average of 51.8 min in mitosis, whereas Centrobin-depleted cells spent an average of 317.6 min in mitosis (Figure 2d ). It was also observed that 63.5% of the Centrobin-depleted cells underwent mitotic catastrophe as opposed to progressing to anaphase, compared to only 5.5% of control cells (Figure 2e ). This phenotype was not rescued by caffeine treatment (Supplementary Figure S3 ).
To determine if the cells arrest in metaphase due to spindle organization defects, we examined the structure of mitotic spindles using an a-tubulin antibody. The control cells showed normal, umbrella-shaped spindles, whereas Centrobin-depleted cells showed aberrant spindles with unfocused spindle poles (Figures 3a and  b) . In many of these cases one of the centrosomes appeared to have detached from the original spindle pole. The microtubule-nucleating activity of the detached centrosomes was not inhibited, as many of these cells showed mini spindles emanating from the detached centrosome. In addition, some of the EB1 comets, which mark growing microtubules, appeared to originate from the detached centrosomes (Supplementary Figure S4 ). Other cells showed twisted mitotic spindles in the shape of an S-bend, as if the centrosome had partially separated from the spindle, thereby distorting its shape. Furthermore, Centrobin-depleted mitotic spindles showed 30% less a-tubulin reactivity compared to control cells (Figures 3 and 7a) , suggesting a defect in the dynamics of the spindle microtubules.
To provide further insights into the abnormal spindle phenotype, we examined the integrity of centrosomes by staining with centrosomal marker, g-tubulin (Figure 3c ). In control cells the g-tubulin localized to the spindle poles at either end of the mitotic spindle. In contrast, in a number of Centrobin-depleted cells the two predominant sites of g-tubulin were not at the spindle poles, with one or both sites pulled off/detached from the original spindle pole.
Next, we examined the distribution of components of pericentriolar matrix (PCM) including PCM1, Kendrin and CG-NAP, the latter of which also labels the mitotic spindle. PCM1 was absent from metaphase centrosomes of both control and Centrobin-depleted cells (data not shown). CG-NAP stained the centrosome and mitotic spindle of both control and Centrobin-depleted cells ( Figure 4a ). Identical to results obtained for g-tubulin, CG-NAP staining showed that one of the centrosomes was pulled off from the spindle in Centrobin-depleted cells (CENTsi A). Furthermore, Kendrin appeared as two focused structures representing the PCM in the control cells, whereas in the Centrobin-depleted cells these structures appeared either splayed (CENTsi A) or pulled off (CENTsi B) from the mitotic spindle ( Figure 4b ).
Cells were also stained for NuMA, a protein that localizes to the centrosome and spindle during mitosis and is required for spindle pole focus. NuMA did stain the spindle poles of both control and Centrobindepleted cells (Figure 4c ). Like results obtained with CG-NAP and a-tubulin (Figure 4b ), we frequently observed the detachment of one or both centrosomes and a lack of spindle pole focus. Thus, the observed defect in spindle pole focus was not due to reduced expression and the mislocalization of NuMA. Taken together, these results suggest that Centrobin is involved in maintenance of centrosomal and spindle integrity.
Given the spindle defects observed, we anticipated that the mitotic arrest might be due to activation of SAC. Control and Centrobin-depleted cells were probed for BubR1, a marker of spindle checkpoint activation, and BubR1 S676 phosphorylation, a site that is phosphorylated in prometaphase and remains so until tension is established during metaphase (Elowe et al., 2007) . These markers stained kinetochores strongly in both control and Centrobin-depleted prometaphase cells. However, metaphase staining of BubR1 and BubR1 S676 was only evident in Centrobin-depleted cells ( Figure 5 ).
To further examine the mitotic arrest phenotype, we depleted Centrobin and/or spindle checkpoint protein Mad2, whose depletion results in a bypass of the checkpoint (Li and Benezra, 1996) , and examined the length of mitosis in depleted cells. Consistent with previous studies (Meraldi et al., 2004) , depletion of Mad2 from control cells almost halved the average time spent in mitosis ( Figure 6 ; Supplementary Movies S3-S8). Importantly, cells depleted of Centrobin using two shRNA plasmids spent an average of 273.0 and 229.7 min in mitosis. However, depletion of Mad2 in these cells significantly reduced the average time spent in mitosis to 29.7 min, suggesting that the MAD2-dependent spindle checkpoint is activated in Centrobindepleted cells.
Given that Centrobin-depleted cells arrest in metaphase and the mitotic spindles are less stable and deformed, it was hypothesized that the spindle checkpoint was activated in these cells due to a lack of tension-generating stable microtubule-kinetochore attachments. Initially, control and Centrobin-depleted cells were incubated in 1 or 0.1 mg/ml nocodazole for 10 min to determine the stability of the mitotic spindle. Whereas mitotic spindles were almost completely depolymerized in both control and Centrobin-depleted cells at 1 mg/ml nocodazole, spindle staining was only abolished in Centrobin-depleted cells at 0.1 mg/ml nocodazole (Figures 7a and b) . To further explore the phenotype of Centrobin depletion, we measured the distance between matching kinetochore pairs in control and Centrobin-depleted cells, as an indicator of spindle tension. The average interkinetochore distance in control cells was 1.89 mm, compared to Centrobin-depleted cells, which showed average distances of 0.98 and 1.00 mm (Figures 7c and  d) . These results indicated that there was less tension across the mitotic spindle to pull the sister kinetochores away from each other.
To determine if the lack of tension was due to the absence of stable microtubule-kinetochore attachments, we arrested synchronized control and Centrobin-depleted cells in metaphase by the addition of the proteasome inhibitor, MG132, incubated on ice for the times indicated and stained with a-tubulin and phospho-CENP-A (Ser7) antibodies to visualize microtubule-kinetochore attachment. As mitotic spindles in untreated Centrobin-depleted cells showed weak a-tubulin reactivity compared to control cells, the relative fluorescence intensity was standardized to 100% at 0 min for each condition. Cold treatment resulted in the disintegration of the mitotic spindle structures over time, as described previously (Lampson and Kapoor, 2005 ; Figures 7e and f) . However, this disintegration was more pronounced in Centrobindepleted cells, with these cells showing relative spindle intensities of less than a third of the control cells at 30 min. These results indicate that the spindle microtubules are not stably attached to kinetochores in Centrobin-depleted cells.
Discussion
Here we report the molecular and cellular mechanisms of Centrobin function during mitosis. Our study results show that Centrobin is a centrosomal protein that localizes to the centrosome throughout the cell cycle and to the mitotic spindle. Centrobin did not colocalize with microtubules in interphase cells, although we cannot rule out the possibility that the interaction might have occurred below the threshold of detection. Centrobin was targeted to the mitotic spindle by its N terminus, where it colocalized with acetylated and tyrosinated tubulin. Intriguingly, we were unable to observe the association of Centrobin with the mitotic spindle when co-stained with a-tubulin. We interpret that this is the result of a-tubulin antibody blocking the access of the Centrobin antibody due to the proximity of the two proteins.
The specific localization of Centrobin throughout the cell cycle suggests that Centrobin is regulated throughout mitosis. This additional localization at the mitotic spindle may be required for regulation of mitotic spindle dynamics by Centrobin. However, the centrosomal localization of Centrobin is likely to be important for proper anchoring of mitotic spindle to the centrosomes as earlier studies have shown that a change in mitotic spindle dynamics does not affect association of centrosomes with the microtubules (Morrison and Askham, 2001 ). These results suggest dual functions for Centrobin in mitosis, as a regulator of microtubule dynamics The role of Centrobin in mitosis JM Jeffery et al and as a protein required for centrosome-spindle adhesion. We found that Centrobin-depleted cells show unfocused spindle poles. These cells undergo metaphase arrest and show an activated SAC, which can be alleviated by co-depletion of Mad2. In addition, Centrobin-depleted cells display a lack of tension across the mitotic spindle and fewer stable microtubulekinetochore attachments, suggesting that Centrobin is required for biogenesis of tension-ridden and properly functioning microtubules. Previous studies have shown that centrosomes are not required for the formation of a bipolar spindle or anaphase progression (Hinchcliffe et al., 2001; Khodjakov and Rieder, 2001 ). However, the SAC can be activated when an unfocused spindle pole creates an abnormal spindle morphology that interferes with the creation of stable microtubule-kinetochore attachments (Oshimori et al., 2006) . Consistent with this, Centrobindepleted cells were arrested in metaphase, as shown by live cell imaging, with a large proportion of cells undergoing mitotic catastrophe as they were unable to resolve the cause of the arrest. This is consistent with mouse studies showing that Centrobin-suppressed embryos were arrested at four-cell stage with mitotic defects in the blastomeres (Sonn et al., 2009) .
Further evidence of SAC activation came with the finding that the SAC markers BubR1and phosphorylated BubR1 S676, which are normally reduced at kinetochores after proper kinetochore-microtubule attachment, were present at the kinetochores in Centrobin-depleted metaphase cells to a similar extent as found on unattached kinetochores in control cells during the prometaphase when spindle checkpoint activity is robust. These results suggest that the SAC is activated in Centrobin-depleted cells that show an abnormal spindle. This was further confirmed by co-depletion of Mad2 and Centrobin. Mad2 is a core component of the spindle checkpoint, the depletion of which results in The role of Centrobin in mitosis JM Jeffery et al checkpoint bypass (Li and Benezra, 1996) . The metaphase arrest seen in Centrobin-depleted cells was completely abolished upon co-depletion of Mad2, suggesting that depletion of Centrobin causes activation of the SAC.
Our finding that Centrobin-depleted cells show an organized metaphase plate indicates that there is not a total absence of microtubule-kinetochore attachments. Rather, it suggests that attachments do occur but that they are not stable due to lack of tension, as indicated by the reduced distance between kinetochore pairs, reactivity with phospho-BubR1 S676 antibody (which stains the kinetochores that lack tension) and the reduction in cold-stable microtubules shown by the Centrobin-depleted cells.
Our study results also indicate that depletion of Centrobin may be associated with a partial loss of centrosome integrity since we frequently observed pulling-off/detachment of one of the centrosomes from the mitotic spindle. A number of proteins such as CPAP, GAK and TPX2 are known to be required for centrosome integrity (Garrett et al., 2002; Shimizu et al., 2009; Tang et al., 2009) . However, depletion of these proteins results in a multipolar spindle phenotype. The Centrobin depletion phenotype is somewhat similar to the HAUS depletion, where the centrosome fragmentation is not severe and some centrosome detachment from the mitotic spindle does occur (Lawo et al., 2009 ). However, although we observe a partial loss of centrosome integrity and possible centrosome fragmentation in a few cells, the predominant phenotype detected in Centrobin-depleted cells is the detachment of centrosomes from the mitotic spindle.
It is interesting to note that the detached centrosome phenotype was not observed in interphase cells, so it is The role of Centrobin in mitosis JM Jeffery et al likely that the centrosome detachment occurs due to the mechanical stress that occurs during mitotic spindle formation. However, whereas this force is known to result in centrosome fragmentation in cells depleted of proteins required for centrosome integrity, it appears to result in centrosome detachment from the mitotic spindle in Centrobin-depleted cells. Taken together, our study data suggest that in Centrobin-depleted cells the mitotic spindle is defective with unfocused spindle poles, impaired kinetochoremicrotubule attachments and an activated SAC. We speculate that this is mediated through Plk1-dependent regulation of Centrobin because of the overlap in phenotypes of Centrobin-and Plk1-depleted cells. The similarities include unfocused spindle poles, activation of the spindle checkpoint and a lack of stable microtubule-kinetochore attachments (Sumara et al., 2004) . This would most likely occur directly through the phosphorylation of Centrobin, which contains a number of putative Plk1 phosphorylation sites. If Plk1 phosphorylation does enable Centrobin to maintain spindle pole integrity then this would add further credence to the idea that Plk1 is a master regulator of centrosome function. Confirmation of Centrobin as a Plk1 target and determining the function of this phosphorylation event will shed more light on the role of Centrobin in regulating the structure and/or function of mitotic spindle and this will be subject of future investigations.
Nek2A has recently been proposed as a kinase for Centrobin that might target it to the microtubules (Jeong et al., 2007) . However, this phosphorylation event could have another role, such as priming Centrobin for phosphorylation by Plk1. The concept of a protein being phosphorylated by both Nek2A and Plk1 is not unprecedented. Another centrosomal protein Nlp, is phosphorylated by Nek2a and Plk1 and has a role in microtubule nucleation . It has been proposed that Nek2a phosphorylation primes Nlp for Plk1 binding, which in turn displaces Nlp from the centrosome (Rapley et al., 2005) . Plk1 also phosphorylates Kiz, a protein required for centrosome cohesion. In Kiz-depleted cells the PCM separates from the centrioles, resulting in multiple sites of g-tubulin and the generation of mini spindles (Oshimori et al., 2006) . However, the Centrobin-depleted phenotype is distinct from this in that Kiz-depleted cells show multiple sites of g-tubulin that are approximately equal, whereas in Centrobin-depleted cells there are only two predominant sites of g-tubulin.
In summary, our study data reveal a novel role for Centrobin in the regulation of spindle microtubule anchoring to centrosomes and in the genesis of a tension-ridden and properly functioning mitotic spindle. The proper function of the spindle is crucial to the high fidelity of chromosome segregation and is indispensable for tumor suppression in humans. Future experiments will be aimed at understanding the molecular nature of microtubule anchoring of spindles to centrosomes and what other effectors are involved in pathways regulated by Centrobin.
Materials and methods

siRNA transfection and antibodies
For knockdown experiments shRNAs were generated using the pSUPER (Oligoengine, Seattle, OR, USA) system. To generate the constructs, we inserted complementary oligonucleotides containing the cDNA sequences against GFP 5 0 -GCTGGAGTACAACTACAAC-3 0 (denoted Ctrlsi) or Centrobin 5 0 -GGATGGTTCTAAGCATATC-3 0 (denoted CENTsiA) and 5 0 -AGTGCCAGACTGCAGCAAC-3 0 (denoted CENTsi B) were inserted into pSUPER that had been cut with BglII and HindIII. Mad2 siRNA duplexes (5 0 -AAGAGUCGGGACCACAGUUUA-3 0 ) are previously described elsewhere (Lampson and Kapoor, 2005) and were synthesized by Invitrogen (Carlsbad, CA, USA). Myc-Centrobin constructs were a gift from K Rhee and have been described previously (Jeong et al., 2007) .
To generate a polyclonal antibody specific to Centrobin, we subcloned a partial cDNA sequence encoding residues 600-903 of Centrobin into the bacterial expression vector, pGEX-5x-3 (GE Healthcare, Buckinghamshire, UK). The glutathione S-transferase fusion protein was purified and injected into rabbits. Centrobin antiserum was affinity-purified before use.
a-Tubulin (Sigma, St Louis, MO, USA), BubR1 (Abcam, Cambridge, UK), CENP-A Ser7 (Upstate, Lake Placid, NY, USA), Mad2 (Covance, Emeryville, CA, USA), myc (BD Biosciences, Franklin Lakes, NJ, USA) and tyrosinated tubulin (Abcam) antibodies were used according to the manufacturers' instructions. The BubR1 Ser676 antibody was a kind gift from S Elowe and was used as described previously (Elowe et al., 2007) . The NuMA antibody was a kind gift from D Compton and was used as described previously (Gaglio et al., 1995) . The PCM1 antibody was a kind gift from A Merdes and was used as described previously (Dammermann and Merdes, 2002) . The CG-NAP and Kendrin antibodies were a kind gift from Y Ono and used as described previously (Takahashi et al., 1999 (Takahashi et al., , 2002 .
Cell culture and synchronization Cells were cultured in RPMI containing 10% fetal calf serum. HeLa cells stably expressing GFP-histone H2B were synchronized using a double-thymidine block as described previously (Fabbro et al., 2005) . In some experiments cells were blocked in metaphase by the addition of 10 mM MG132 upon entry into mitosis at 8.5 h after release.
Immunofluorescence and microscopy Cells were stained as described previously in Stucke et al. (2002) . Cells were visualized using a DeltaVision personal DV deconvolution microscope (Applied Precision, Issaquah, WA, USA). Images underwent restoration deconvolution and were analyzed using softWoRx, version 3.6.1. For time-lapse microscopy an Olympus IX81 microscope was used and the images were analyzed using analySIS LS Research, version 2.2 (Applied Precision). Unless otherwise stated, fluorescent images represent projections of z-stacks. Images were cropped and resized using Adobe Photoshop (Adobe Systems Inc., San Jose, CA, USA).
Western blotting
Cells were resuspended in mitotic lysis buffer (10 mM DTT, 20% glycerol, 1% SDS, 2 mM phenylmethylsulfonyl fluoride, 10 mM Tris (pH 7.4)) and sonicated for 10 s, then centrifugated at 15 700 g at 4 1C for 30 min and the supernatant was collected. Western blotting was carried out as described previously (Fabbro et al., 2005) . Membranes were developed using Western Blot Chemiluminescence Reagent Plus in a FujiFilm LAS-3000 Imaging System (Fuji Photo Film, Tokyo, Japan).
Statistical analysis
Student's t-tests were performed using Microsoft Excel 2004 and two-tailed P-values were calculated as indicated.
